Final  Report  on 

ONR  Grant  No.  N0001 4-02-1 -0984 

Nanostructures  for  Enhanced  Electron/Hole  Conversion 


Principal  Investigators: 

Arthur  C.  Gossard  and  Herbert  Kroemer 

Materials  Department,  University  of  California 
Santa  Barbara,  CA  93106-5050 
gossard@enQineerinq.ucsb.edu:  kroemer@ece.ucsb.edu 


Submitted  to: 


Revolutionary  Research  .  .  .  Relevant  Remits 


Office  of  Naval  Research 

Attention:  Dr.  Colin  H.  Wood 
875  N.  Randolph  Street,  Suite  1425 
Arlington,  VA  22203-1995 


March  13,  2009 


20090319159 


REPORT  DOCUMENTATION  PAGE 

Form  Approved 

OMB  No  0704-0188 

The  public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathenng  end 
maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including 
suggestions  for  reducing  the  burden,  to  the  Department  of  Defense.  Executive  Service  Directorate  (0704-0188)  Respondents  should  be  eware  thal  notwithstanding  any  other  provision  of  law.  no 
person  shall  be  subject  to  any  penalty  for  failing  to  comply  with  e  collection  of  information  if  it  does  not  display  a  currently  valid  OMB  control  number 

PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ORGANIZATION. 

1  REPORT  DATE  (DD-MM-YYYY) 

2.  REPORT  TYPE 

3.  DATES  COVERED  (From  -  To) 

3/13/2009 

Final  Technical  Report 

10/1/02  -  9/30/06 

4.  TITLE  AND  SUBTITLE 


Nanostructures  for  Enhanced  Electron  Hole  Conversion 


5a,  CONTRACT  NUMBER 


5b.  GRANT  NUMBER 

N000 14-02- 1-0984 


5c.  PROGRAM  ELEMENT  NUMBER 


6.  AUTHOR(S) 

Arthur  C.  Gossard  and  Herbert  Krocmer 


5d.  PROJECT  NUMBER 


5©.  TASK  NUMBER 


5f.  WORK  UNIT  NUMBER 


312 


8  PERFORMING  ORGANIZATION 

REPORT  NUMBER 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

The  Regents  of  the  University  of  California 
Office  of  Research 
3227  Cheadle  Hall,  3rd  Floor 
Santa  Barbara,  CA  93106-2050 


9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

Office  of  Naval  Research 
1 40  Sylvester  Road 
Building  140,  Room  218 
San  Diego,  CA  92106-3521 


10.  SPONSOR/MONITOR’S  ACRONYM(S) 

ONR 


11.  SPONSOR/MONITOR'S  REPORT 

NUMBER(S) 


1 2.  DISTRIBUTION/AVAILABILITY  STATEMENT 


"Approved  for  Release;  Distribution  is  Unlimited." 


13.  SUPPLEMENTARY  NOTES 


14.  ABSTFRACT 

In  this  program  we  used  molecular  beam  epitaxy  (MDE)  to  create  epitaxial  metal-semiconductor  structures  containing  embedded  metallic 
nanoparticles,  metallic  epitaxial  films  and  epitaxial  metal-semiconductor  junctions.  We  incorporated  epitaxial  metallic  nanopartieles  of  erbium 
arsenide  and  erbium  antimomde  in  CaAs,  InGaAs  and  GaSb  structures  by  molecular  beam  epitaxy.  The  metallic  nanoparticles  in  semiconductors 
produced;  1)  electrical  doping  of  semiconductors,  2)  clectron/hole  recombination  enhancement,  3)  clectron/holc  tunnel  junction  enhancement,  4) 
thermal  conductivity  control,  5)  microwave  rectification  improvement  and  6)  strong  electron  plasma  resonances.  Tunnel  currents  of  Ga As  np 
junctions  were  enhanced  by  up  to  five  orders  of  magnitude  by  the  embedded  nanopartieles.  Electron-hole  recombination  times  in  a  series  of 
FrAs/InGnAs  codepositions  were  reduced  to  less  than  100  femtoseconds.  Wc  produced  the  first  epitaxial  growth  of  GdN  on  GaN.  I  his  research 
thus  established  a  foundation  for  development  of  improved  artificially  structured  thermoelectric  power  generation  materials,  for  new  materials  for 
I  era  hertz  wave  generation  and  detection  and  for  development  of  highly  conducting  contacts  for  the  nitride  semiconductors. 


15.  SUBJECT  TERMS 


16.  SECURITY  CLASSIFICATION  OF; 


a.  REPORT  b  ABSTRACT 


c.  THIS  PAGE 


17.  LIMITATION  OF 
ABSTRACT 


18.  NUMBER 
OF 

PAGES 


19a  NAME  OF  RESPONSIBLE  PERSON 

Arthur  C\  Gossard 


19b.  TELEPHONE  NUMBER  [Include  area  cc-Jej 

805.893.2686 


Standard  Form  298  (Rev  8/98) 

Dy  AOSl  SM  Z39  18 
A  :  ib«  Professional  /  O 


Final  Technical  Report: 

Nanostructures  for  Enhanced  Elcctron/Hole  Conversion 
A.  C.  Gossard  and  H.  Kroemer,  University  of  California  Santa  Barbara 
Office  of  Naval  Research  Grant  No.  N000 14-02- 1-0984 
Final  Report  for  07/31/2003  to  07/31/2006: 


In  this  program  we  created,  studied,  and  developed  applications  for  epitaxial 
metal-semiconductor  heterostructurcs  and  nanostructures.  The  epitaxial 
metal-semiconductor  nanocomposites  are  new  electronic  materials  that  can 
have  substantially  different  properties  from  conventional  doped 
semiconductors.  Our  approach  was  to  use  molecular  beam  epitaxy  (MBE) 
growth  to  create  epitaxial  metal-semiconductor  structures  containing 
embedded  nanoparticles,  epitaxial  films  and  metal-semiconductor  junctions. 
Unlike  current  electronic  technologies  that  must  rely  on  individual  dopant 
atoms  to  provide  carriers  and  on  highly  imperfect  polycrystalline  metal  films 
to  provide  electrical  contacts,  the  new  epitaxial  nanoparticles  and  films 
provide  a  wide  distribution  of  electron  energies  within  a  semiconductor  and 
provide  a  very  controlled  and  perfect  contact  to  semiconductors.  We  studied 
these  materials  with  the  goal  of  reduction  and  engineering  of  semiconductor 
p-n  junction  barriers  by  embedding  metallic  nanoparticles  in  the  junctions. 
We  incorporated  epitaxial  metallic  nanoparticles  of  erbium  arsenide  and 
erbium  antimonide  in  GaAs,  InGaAs  and  GaSb  structures  by  molecular 
beam  epitaxy  growth.  Collaborating  faculty  member  Susanne  Stemmer 
obtained  direct  evidence  from  Z-contrast  scanning  transmission  electron 
microscopy  that  the  metal  nanoparticles  of  ErAs  grow  in  a  perfectly 
registered  rocksalt  structure  within  the  zincblende  semiconductor  host. 
Current- voltage  measurements  showed  that 

1)  Tunnel  currents  of  GaAs  np  junctions  were  enhanced  by  up  to  five  orders 
of  magnitude  at  room  temperature  at  one  volt  forward  bias  by  incorporation 
of  1.2  monolayers  of  ErAs  deposition  at  the  junction  between  the  n  (5x1 0is 
cm  3)  and  p  (2xl019  cm'3)  GaAs.  The  tunnel  currents  exceeded  10' 

Amps/cm  at  +1  V  forward  bias. 


2)  The  tunnel  current  enhancement  was  approximately  one  order  of 
magnitude  greater  at  +1  V  bias  for  ErAs-enhanced  GaAs  junctions  for  p 
grown  on  n  compared  to  n  grown  on  p. 

3)  The  tunnel  current  enhancement  was  approximately  one  order  of 
magnitude  greater  at  +1  V  bias  for  ErAs-enhanced  GaAs  junctions  relative 
to  A1  iGa.yAs  junctions. 

4)  The  tunnel  current  enhancement  was  approximately  one  order  of 

•  •  m 

magnitude  greater  at  +1  V  bias  for  p  =  2x10  cm  doping  of  GaAs  junctions 
compared  to  p  =  4x10'*  cm-'  doping. 

5)  The  tunnel  current  enhancement  was  approximately  one  order  of 
magnitude  greater  at  +1  V  bias  for  1.2  monolayers  of  ErAs  deposition 
compared  to  0.2  monolayers  of  ErAs  deposition. 

6)  The  form  of  the  tunneling  current  versus  voltage  characteristic  in  the 
enhanced  junctions  was  well  represented  by  a  model  of  tunneling  in  series 
through  back  to  back  metal-  semiconductor  junctions. 

The  first  metal-semiconductor  junctions  (of  TiPtAu  on  n-doped  GaAs  (n  = 

1  x  1 01  cm'3))  with  and  without  a  0.6  monolayer  deposition  of  ErAs  two 
nanometers  below  the  metal-semiconductor  interface  were  also  grown  and 
studied.  The  structure  with  ErAs  had  a  reduced  Schottky  barrier  and  a  more 
ideal  tunnel  characteristic  compared  to  structures  with  no  enhancing  ErAs 
deposition. 

Carrier  concentrations  and  electron-hole  recombination  rates  were  measured 
in  a  series  of  ErAs/InGaAs  superlattices.  Samples  with  40  nm  periods 
showed  a  decrease  in  conduction  electron  concentration  as  the  deposition  of 
ErAs  increased  from  0.4  to  1.6  monolayers.  Samples  with  depositions  of  1 .2 
and  1 .6  monolayers  froze  out  at  low  temperature,  while  samples  with 
depositions  of  0.4  and  0.8  monolayers  remained  fully  metallic  with  ~10  “ 
electrons  per  cm  per  layer  of  ErAs.  Partial  compensation  of  the  carriers 
was  achieved  by  modulation  doping  the  regions  near  the  ErAs  layers  with 
beryllium  acceptors.  Reduction  of  the  superlattice  period  from  40  nm  to  5 
nm  reduced  electron-hole  recombination  times  to  ~2  ps  (at  40  nm  period) 
and  -0.05  ps  (at  5  nm  period). 

In  cooperation  with  Professor  Elliott  Brown,  Gossard's  students  grew  and 
characterized  epitaxial  Schottky  diodes  of  epitaxial  ErAs  films  on  InGaAlAs 
of  various  A1  contents.  Reducing  the  A1  content  in  the  InGaAlAs  reduced 
the  Schottky  barrier  height  continuously  down  to  and  including  zero  eV. 


Diodes  with  optimum  responsivity  at  zero  applied  bias  were  produced  and 
measured. 

We  also  grew  fully  epitaxial  diodes  of  n-doped  In  As  on  p-doped  GaSb. 

Forward  currents  of  >1000  Amps  per  cm'  were  measured  at  +1  Volt  bias 
and  were  limited  primarily  by  Ohmic  contact  resistance. 

The  metallic  nanoparticles  in  semiconductors  produced:  1)  electrical  doping  of 
semiconductors,  2)  electron/hole  recombination  enhancement,  3)  electron/hole 
tunnel  junction  enhancement,  4)  thermal  conductivity  control,  5)  microwave 
rectification  improvement  and  6)  strong  electron  plasma  resonances. 

ErAs  particles  in  GaAs  p-n  tunnel  junctions  allowed  much  stronger  tunneling  than 
conventional  p-n  junctions.  p-ErAs-n  junctions  showed  up  to  105  times  more 
current  than  comparable  p-n  junction  at  1  Volt  forward  bias.  We  synthesized 
cascaded  photovoltaics  with  ErAs  enhanced  tunnel  junctions  that  produced  C  W 
radiation  up  to  2  Thz. 

We  also  formed  epitaxial  thin  films  of  ErAs  on  GaAs  and  InGaAlAs  for  highly 
ideal  and  engineerable  low-defect  contacts  and  barriers  for  sensitive  low  noise 
mm-wave  and  THz  detection.  We  measured  NEP  of  <9x1  O'13  W  Hz'1 2 
giving  -63  dBm  sensitivity  at  3.1  GHz  with  a  8kHz  bandwidth. 


We  developed  epitaxial  metal-semiconductor  heterostructures  and  nanostructures 
with  record-breaking  performance  in  several  areas. 

1 .  Cascaded  solar  cells  with  increased  efficiency.  Grew  cascaded 
AlGaAs  solar  cells  with  Er As-enhanced  tunnel  junctions  with  output 
voltages  of  2.1  Volts  (versus  1.2  Volts  with  conventional  tunnel  junctions). 

2.  ErAs  nanoparticle  arrays.  Produced  high  densities  of  metal 
nanoparticles  in  InGaAs  by  co-deposition  of  ErAs  and  semiconductor 
species.  The  arrays  have  high  electrical  conductivity,  low  thermal 
conductivity  and  are  promising  for  thermoelectric  power  generation 

3.  Highly  conductive  epitaxial  Ohmic  contacts.  Produced  epitaxial  ErAs 
epitaxial  films  on  graded  InGaAs  structures.  Contact  resistances  are  less 
than  2  Ohm-micron  . 

4.  Low  noise  epitaxial  Schottky  microwave  detectors.  Produced 
epitaxial  ErAs/lnAlGaAs  detectors  with  noise  equivalent  power  below  10  11 
W  Hz' 2  at  640  GHz. 


5.  Terahertz  detectors.  Produced  ErAs  nanoparticles  in  GaAs  with  best 
reported  bandwidth  and  efficiency  for  Terahertz  detectors  (10  times  better 
than  radiation-damaged  SOS  detectors  and  LT-GaAs  detectors). 

6.  GdN  on  gallium  nitride:  We  produced  the  first  epitaxial  growth  of  GdN 
on  GaN.  We  found  growth  conditions  to  produce  micron-thick  epitaxial 
films  of  GdN  on  GaN  templates.  We  produced  GdN  (111)  films  with 
rocksalt  structure  on  (0001)  GaN  at  substrate  temperatures  below  T  =  500C. 

The  research  accomplished  under  this  grant  thus  established  a  foundation  for 
development  of  highly  conducting  contacts  for  the  nitride  semiconductors, 
for  development  of  improved  artificially  structured  thermoelectric  power 
generation  materials,  and  for  new  materials  for  Terahertz  wave  generation 
and  detection. 
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